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ABSTRACT 

In  this  paper,  we  provide  an  accurate  analysis  of  the  performance  of  coherent  dense  wavelength- 
division  multiple-access  (WDMA)  schemes  introduced  for  use  in  high-capacity  optical  networks.  In 
our  analysis,  the  effects  of  interference  from  other  signals  due  to  the  frequency  overlap  caused  by  the 
instability  of  the  carrier  frequency  of  laser,  or  to  mistakes  in  frequency  coordination  and  assignment, 
are  taken  into  account.  Phase  noise  and  thermal  noise  are  also  taken  into  consideration.  Dense 
WDMA  is  then  coupled  with  spread-spectrum  direct-sequence  modulation  in  order  to  mitigate  the 
effect  of  interference  from  other  signals.  The  performance  of  this  hybrid  of  WDMA  and  code¬ 
division  multiple-access  (CDMA)  scheme  is  also  analyzed  and  compared  to  that  of  pure  WDMA. 

The  average  bit  error  probability  of  dense  WDMA  and  WDMA/CDMA  schemes  is  evaluated 
by  integrating  the  characteristic  function  of  other-user  interference  at  the  output  of  the  matched 
optical  filter.  Gaussian  approximation  techniques  are  also  employed.  Time-synchronous  and  as 
asynchronous  systems  are  analyzed  in  this  context.  Binary  phase-shift-keying  (BPSK)  data  modu¬ 
lation  is  considered.  Our  analysis  quantifies  accurately  for  first  time  the  multiple-access  capability 
of  dense  WDMA  schemes  and  the  advantages  offered  by  employing  hybrids  of  WDMA  and  CDMA. 
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1.  Introduction 


This  paper  is  motivated  by  the  recent  work  of  [1],  where  a  new  multiplexing  scheme  based 
on  combination  of  dense  wavelength-division  multiple-access  (WDMA)  and  code-division  multiple- 
access  (CDMA)  schemes  was  introduced  for  use  in  high-capacity  optical  networks.  According  to 
this  scheme,  coherent  optical  techniques  are  employed  to  exploit  the  huge  bandwidth  (tens  of 
thousands  of  GHz)  of  single-mode  optical  fibers  through  the  use  of  dense  WDMA.  The  carrier 
wavelengths  employed  by  WDMA  are  placed  relatively  close  to  each  other  in  order  to  maximize 
the  number  of  distinct  broadband  channels  (each  may  be  1  GHz  or  less)  that  can  be  accommodated. 

Dense  WDMA  systems  suffer  from  interference  from  other  signals  (termed  other-user  inter¬ 
ference)  due  to  the  frequency  overlap  caused  by  the  inherent  instability  of  the  carrier  frequency 
of  laser,  or  to  mistakes  in  the  frequency  coordination  and  assignment.  This  interference  can  be 
mitigated  with  proper  filtering,  adequate  separation  between  the  laser  frequency  carriers,  or  the 
use  of  CDMA.  In  particular,  spread-spectrum  direct-sequence  modulation  was  proposed  in  [1]  as 
a  means  of  mitigating  interference  from  other  signals  due  to  such  frequency  overlap. 

The  work  of  [1]  was  preceded  by  that  of  [2]  which  introduced  and  analyzed  random-carrier  (RC) 
CDMA  schemes,  according  to  which  the  optical  multiple-access  system  (assumed  to  place  randomly 
the  modulated  carriers  in  the  available  optical  band)  is  coupled  with  CDMA.  For  the  purpose  of 
simplifying  the  analysis,  several  assumptions  were  made  in  [2]  about  the  noise  environment  (for 
example,  no  thermal  noise  or  phase  noise  were  included)  and  about  the  key  parameters  of  the 
system  (such  as  the  spreading  gain  and  the  number  of  interfering  users),  which  were  assumed 
infinitely  large,  so  that  limiting  theorems  (e.g.,  the  Central  Limit  Theorem  or  CLT)  could  be 
used.  Furthermore,  the  accuracy  of  the  approximations  used  was  not  justified  for  the  range  of  the 
parameters  of  interest.  Most  of  the  assumptions  of  [2]  were  relaxed  in  our  own  work  of  [3],  where 
an  exact  evaluation  of  the  performance  of  the  RC  CDMA  scheme  was  conducted  without  making 
any  of  the  approximations  and  limiting  assumptions  made  in  [2]. 

More  specifically,  the  assumptions  made  in  [2]  and  relaxed  in  [3]  were:  (i)  the  number  of 
interfering  users  was  taken  to  be  infinite;  (ii)  the  number  of  chips  per  bit  (spreading  gain)  of  the 
spread-spectrum  modulation  was  assumed  to  be  very  large  so  that  the  CLT  could  be  used;  (iii) 
the  error  probability  was  not  directly  evaluated  and  the  outage  probability  was  calculated  in  terms 
of  the  signal-to-noise  ratio,  which  required  the  signals  at  the  output  of  the  optical  matched  filter 
to  be  Gaussian  in  order  to  be  valid;  (iv)  the  time  delays  of  the  various  (possibly  asynchronous) 
users  did  not  enter  in  the  evaluation  of  the  performance;  and  (iv)  the  effects  of  the  phase  noise  and 
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thermal  noise  on  the  system  performance  were  not  taken  into  account,  which  included  not  only  the 
effects  of  phase  noise  on  single-user  performance,  but  also  the  effects  of  phase  noise  on  the  CDMA 
system  performance  caused  by  its  effect  on  the  interference  terms  due  to  other  users. 

Relaxing  the  above  assumptions  for  the  system  of  [2],  and  in  particular  assumptions  (i)  an  (ii), 
was  especially  important  for  enabling  the  use  of  the  techniques  of  [3]  in  evaluating  the  performance 
of  WDMA  and  hybrid  WDMA/CDMA  schemes.  Specifically,  in  the  WDMA/CDMA  applications 
the  spreading  gain  is  not  very  large,  because  the  bandwidth  is  used  more  efficiently  by  the  WDMA 
and  only  a  relatively  small  part  of  it  is  dedicated  to  CDMA,  in  order  to  achieve  desirable  interference 
mitigation.  Also,  for  pure  WDMA  schemes,  the  number  of  interfering  users  is  not  large,  because 
only  a  small  to  moderate  number  of  users  occupying  adjacent  frequency  bands  cause  interference. 

The  contribution  of  the  current  paper  is  twofold:  First,  it  analyzes  dense  WDMA  systems 
and  evaluates  their  performance  in  terms  of  average  error  probability  and  the  number  of  users 
supported  by  a  specific  bandwidth;  specifically,  it  provides  an  accurate  analysis  of  the  performance 
of  coherent  WDMA  schemes.  In  our  analysis,  the  effects  of  interference  from  other  signals  due  to 
frequency  overlap  are  taken  into  account  accurately  and  so  are  phase  and  thermal  noise.  Second, 
this  paper  evaluates  the  performance  of  hybrid  WDMA/CDMA  schemes  and  compares  them  to 
pure  WDMA  systems  of  the  same  bandwidth.  Dense  WDMA  is  then  coupled  with  spread-spectrum 
direct-sequence  modulation  in  order  to  mitigate  the  effect  of  interference  from  other  signals. 

The  transmitter/receiver  model  of  the  hybrid  WDMA/CDMA  system  is  the  one  provided  in 
[1].  The  analysis  is  based  on  techniques  used  in  [3].  The  average  bit  error  probability  of  a  typical 
receiver  for  the  dense  WDMA  and  WDMA/CDMA  schemes  is  evaluated  by  integrating  the  char¬ 
acteristic  function  of  other-user  interference  at  the  output  of  the  matched  optical  filter.  Gaussian 
approximation  techniques  are  also  employed.  Time-synchronous,  as  well  as  asynchronous  systems, 
are  analyzed  in  this  context.  Binary  phase-shift-keying  (BPSIv)  data  modulation  is  considered. 

2.  Model 

K  high  data  rate  users  share  a  common  optical  channel  in  a  multi-access  fashion.  These  users  are 
equally  spaced  in  an  optical  bandwidth  as  big  as  W  =  10 THz  (see  Fig.  1).  Due  to  the  frequency 
instabilities  of  lasers,  each  carrier  frequency  wanders  around  its  designated  frequency  as  much  as 
W\  —  500GHz.  The  transmitted  optical  signal  is  S(t),  which  is  a  complex  signal,  is 

K  _ 

S{t)  =  ]T  Vp  bm(t  -  rm)am(t  -  Tm)eiMt-rm)+em(t)  1  (2.1) 

m—  i 
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where  associated  parameters  are  as  follows: 

•  P  is  the  transmitted  signal  power  of  each  user 

•  bm(t )  is  the  data  stream  of  the  m-th  user  given  by 

OO 

M0=  E  b\r]p(t-nT) 

n=  —  oo 

where  b denotes  the  n-th  bit  of  the  m-th  user  and  6k”^e{— 1, 1}  for  BPSK  modulation.  p(t) 
is  a  pulse  of  unit  amphtude  in  [0,  T]. 

•  am(t )  is  the  m-th  addressing  function  or  signature  sequence  stream  for  the  hybrid  WDMA/CDMA,| 
that  is, 

CO 

am(t)  =  ei<t>m(t)  =  Y2  ei<t>m"h{t  -  nTc ) 

n—  —co 

where  h{t)  is  a  pulse  of  unit  amplitude  in  [0,TC],  Tc  =  jj  the  chip  duration,  and  N  the  number 
of  chips  per  bit.  <pmn  is  a  phase  taking  values  in  [  —  7r,  7t] .  For  pure  WDMA,  am(t)  is  equal  to 
the  one  in  (2.1). 

•  tom  is  the  carrier  on  which  the  m-th  signal  is  sent.  This  value  is  uniformly  distributed  in  a 
bandwidth  of  length  W\  (see  Fig.  1). 

•  0m(t )  is  the  phase  noise  associated  with  the  mth  transmitter  laser,  which  is  a  Brownian  motion 
process  with  Lorentzian  bandwidth  ft.  The  mean  of  this  process  is  zero  and  the  variance  is 
2irf3t. 

•  rm  is  the  m-th  time  delay  which  is  a  uniform  random  variable  distributed  in  [0,  T].  For  the 
synchronous  system,  this  time  delay  is  zero. 

At  the  &-th  receiver,  the  optical  signal  S(t)  is  first  despread  by  a£(f)  (only  for  hybrid  WDMA/CDMA),| 
which  is  the  complex  conjugate  of  afc(t)  ,  and  then  homodyne-detected  for  the  transmitted  signal 
from  user  k  (see  Fig.  2).  The  output  of  the  photodetector  is 

/ 

r(t)  =  a/P  bk(t)eiA6k (<>  +  E  ^  +  n(i)  (2.2) 

m 

where 

f  I< 

E=  E 

m  rn  =  l 

m  jtk 
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/  ^ 

Um  ~  ~ 

A 0k(i)  =  0k{t)  -  eL(t) 

Admit)  =  em(t)  -  eL(t) 

where  Oi{t)  is  the  phase  noise  of  the  local  laser  and  n(t)  the  complex  AWGN  process  with  double¬ 
sided  spectral  density  A2-  .  The  term  4>m(t)  —  4>k{t)  in  (2.2)  is  not  present  for  the  WDMA  case. 
The  receiver  used  is  a  correlation  receiver,  which  is  optimum  for  the  single  user  case  with  no  phase 
noise  (see  Fig.  3).  The  real  part  of  the  output  of  the  integrator  is 

Y  =  (b(Qk)  -X  +  I+rljVP  (2.3) 

where  I  —  Yj'm  An  and  An  is  the  mth  user  interference,  rj  is  a  zero  mean  Gaussian  random  variable 
of  variance  Nq/2PT  and  X  is 

X  =  cos  [A  9k(t)]dt  (2.4) 

The  performance  of  this  suboptimum  receiver  in  the  presense  of  phase  noise  and  AWGN  is  obtained 
for  WDMA  and  hybrid  WDMA/CDMA  by  evaluating  the  characteristic  function  of  multiuser 
interference. 


3.  WDMA 

In  this  section,  the  performance  of  synchronous  and  asynchronous  WDMA  in  terms  of  average 
probability  of  bit  error  is  evaluated.  The  average  probability  of  error  is  obtained  as  [.] 


(3.1) 


where 

r  ,  X  .■  No  O 

$vW  =  exp(~I^p  > 

and  d>/(u)  is  the  characteristic  functions  of  I.  The  overlines  denote  the  expectation  with  respect 
to  the  random  variable  X.  The  pdf  of  this  random  variable  was  obtained  through  the  importance 
sampling  simulation  for  different  values  of  f3T  in  [.].  The  function  Q(-)  in  (3.1)  is  related  to  the 
standard  normal  distribution  as  follows: 

Q(a)  =  Ja  7^e~x2/2'dx 
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(3.1)  is  derived  under  the  assumption  that  I  and  A”  are  independent.  In  the  cases  considered,  this 
assumption  is  satisfied. 


i)  No  phase  noise 

First  we  consider  that  no  phase  noise  is  present  (f3T  =  0);  then  (3.1)  is  valid  when  X  =  1.  For  the 
synchronous  case,  Im  is 


,(m)  ,t 


T  Jo 


cos 


=  b{0m)sinc{u'mT). 


(3.2) 


The  characteristic  function  of  I  is  defined  as 


$/(•«)  =  E  [e'iu/]  =  E 


Ju  In 


(3.3) 


Since  {Im}  are  independent,  it  is  reduced  to 


$/(«)  =  Y[E  [e*u/™]  = 


oiub<'0m)  sinc(w'tn  T) 


(3.4) 


Since  b g  equally  likely  belongs  to  {-1,1},  then 


$/(«)  =  n  E  [COS(U  sinC(LJ'mT))\ 


(3.5) 


For  the  asynchronous  case,  Im  is 


Im  —  ^~m)  COs(u^m£  UmTm)dt 


(3.6) 


or 


Im  =  b{lnJ  ~si.nc{oj'mTm)  +  b{0m)(l  -  ^-)sinc{u'm{T  -  rm)). 


(3.7) 


Following  the  same  procedure  as  in  the  synchronous  case,  the  characteristic  function  of  I  turns  out 
to  be 

$/(«)  =  {cos [u~sinc{u'mTm)]  cos[«(l  -  )sinc(u'm(T  -  rTO))]  |  .  (3.8) 


ii)  Phase  noise  only  for  intended  receiver 
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In  this  case,  we  assume  that  the  phase  noise  is  not  present  in  other-user  interference  and  that  only 
the  intended  receiver  suffers  from  phase  noise.  Average  probability  of  bit  error  is  obtained  from 
(3.1),  where  X  is  no  longer  one.  The  characteristic  function  of  the  other-user  interference  $/(u)  is 
the  same  as  in  (3.5)  and  (3.8). 

4)  Hybrid  WDM  A/ CDMA 

The  average  probability  of  error  is  obtained  as  in  (3.1).  In  order  to  find  the  multiuser  characteristic 
function  we  need  to  know  the  other-user  interference  Im,  which  is 

T 

bm{t  -  Tm)  COS  [u'mt  -  JmTm  +  4>m{t  -Tm)~  (j)k(t  -  Tm)  +  A 9m(t)\  dt.  (4.1) 

For  the  synchronous  case,  rm  is  zero  in  (4.1).  Let  us  partition  this  integral  into  N  subintervals  of 
length  Tc  such  that  TCN  =  T  and  assume  that  in  each  subinterval  the  noise  term  A 9m{t)  remains 
constant.  In  other  words, 


A 9m(t)  =  A 9m{nTc)  =  9mn  for  (n  -  1  )TC  <  t  <  nTc  (4.2) 


where  9mn  is  a  zero-mean  Gaussian  random  variable  of  variance  47 xj3nTc.  Then,  for  the  synchronous 
system,  Im  is 

/  (m)  /  ,.t  T  \  N 

Im  =  X^cos(ATOn)  (4.3) 

'  '  71=1 


where 

xmn  =<  tf>mn  -  <t>kn  +  9mn  +  u'm(n  -  1/2 )TC  >  .  (4.4) 


For  the  asynchronous  system,  Im  is  (see  [3]) 


where 


1  N 

Im.  (y  'y  '  COS  Amn  T  ® mn  ® m  COS  Xmr 


n—  1 


4*  ^  Tl 0.  vim*  / lj^rn 

a;  =  jTslnc 


am  =  (1  -  jr)sinc 


wm(rc  -  r'm) 


emn  =  b(-l  ■  1[1, «„  +  !](»)  +  ho"’  ■  1[/m+2,JV](n) 


(to) 


(4.5) 


(4.6) 

(4.7) 

(4.8) 
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1|M](”)={0 


i  <  n  <  j 
other 


Xmn  =<  wm(n  ~  -U^c  +  HL-JIL  _  w^rm  +  <pm(„_l)  —  4>kn  +  9mn  > 


(4.9) 

(4.10) 

(4.11) 


Xmn  —  <  wm(n  —  1/‘2)TC  4 - ~  —  <4rm  +  <f>mn  —  >  (4-12) 

and 

rm  =  £mTc  +  4  (4.13) 

where  4  is  uniformly  distributed  in  [0,TC]  and  £m  is  equally  likely  in  {0, 1, . . .,  JV  —  1}.  In  (4.4), 
(4.11),  and  (4.12),  <  •  >  represents  [•]  mocl.'Ix  . 

We  adopt  two  approaches  for  obtaining  the  multiuser  characteristic  function.  According  to  the 
first  approach,  it  is  assumed  that  the  carrier  frequencies  are  uniformly  distributed  in  a  bandwidth 
ofWl.  The  phase  signature  sequences  are  uniformly  distributed  in  the  set  of  equally  spaced  phases 
{0, 2n /M, . . . ,  (JV/  —  1)27 r/M},  where  M  is  the  number  of  points  in  this  set.  This  means  that  the 
phase  signature  sequence  is  modulated  by  an  M- ary  phase  shift  keying  scheme  with  M  =  2  being 
the  most  commonly  used  BPSK  case. 

According  to  the  second  approach,  it  is  assumed  that  the  phase  signature  sequences  are  continuous 
and  uniformly  distributed  in  [— 7r,7r].  This  approximates  the  case  in  which  the  number  of  levels  M 
is  large.  In  that  case,  the  choice  of  the  carrier  frequencies  distributions  is  arbitrary. 

As  will  be  shown  below,  the  two  approaches  not  only  correspond  to  two  different  sets  of  assumptions 
that  can  be  useful  under  various  system  conditions,  but  also  are  necessary  for  validating  the  use  of 
the  characteristic-function  method  and  for  the  evaluation  of  the  characteristic  function  of  other- user 
interference. 


1. Assumption  of  Uniform  Carriers 

We  begin  with  the  synchronous  scheme.  The  following  two  lemmas  are  useful  in  our  analysis  (see 
[3]  for  proof). 

•  Lemma  1 

Let  I  be  a  random  variable  uniformly  distributed  in  the  bandwidth  [0,  W],  Let  Y  =<  X  >. 
Then,  the  distribution  of  Y  approaches  a  uniform  distribution  in  [0,27 r]  as  W  — *  oo. 


•  Lemma  2 


Let  the  sequence  {4>n}n  be  i.i.d.  and  uniform  in  [0,  2tt]  and  let  the  sequence  {An}„  be  arbitrary. 
Assume  that  these  two  sequences  are  independent  for  all  n.  Then  the  sequence  {A"n}n  defined 
as- 


Art  — (p a  T  Xn  > 


is  i.i.d.  and  uniform  in  [0,2tt]. 
Let  Xmn  in  (4.4)  be 


A  mn  — ^  fimn  T  Imn  7* 


where 

Pmn  =  -  1/2 )TC 

''{mn  —  (fimn  4*kn  T  @mn- 


(4.14) 

(4.15) 

(4.16) 


is  assumed  to  be  independent  and  uniformly  distributed  in  a  bandwidth  W 1  as  large  as  500 
GHz.  Therefore,  {/ 3mn },  for  fixed  n,  are  independent  and  uniformly  distributed  in  a  bandwidth  of 
(n  —  l/2)Wl/(RN),  where  R  is  the  data  rate.  For  typical  values  of  R  and  A,  this  value  is  still  very 
large  and  according  to  the  Lemma  1,  we  ought  to  consider  {<  /3mn  >}  as  i.i.d.  random  variables 
uniformly  distributed  in  [0,27t],  Consequently,  Lemma  2  asserts  that  {Xmn}  in  (4.14)  are  i.i.d. 
with  respect  to  m  and  uniformly  distributed  in  [0,27t].  Therefore, 


*/(«)= 

m 


-  sinc{  - 


Sr ^)£N  cos(.Ymn) 
“  *■— 1 <  11=1 


(4.17) 


Conditioned  on  u’m  in  (4.17),  it  is  easy  to  show  that  the  sequence  {cos  Xmn}  has  zero-mean  and 
zero  correlation.  Therefore,  this  sequence  is  a  p-  mixing  one  with  p(n)  =  0  (see  [4]  and  [5]).  We 
want  to  apply  the  CLT  to  the  sequence  {cos Xmn}n.  To  achieve  that  we  state  a  theorem  from  [5]. 


•  Theorem 

Let  {Xn}  be  a  second  order  stationary,  centered,  and  p-mixing  sequence;  let  — >  co  and 

£,.p(2')  <  oo.  Then  {s„/cr„}  satisfies  the  CLT,  where  sn  =  and  an  =  Var(sn). 

The  variance  of  the  sequence  { cos  Xrnn  } n  turns  out  to  be 


4  +  \  cos[w(n(2n  -  1)TC]E  {cos(20mn )},  M  =  2 
I'  M  >2 


(4.18) 


Since  2 0mn  is  a  zero- mean  Gaussian  random  variable  of  variance  I6n finTc,  it  is  easy  to  show  that 
the  expectation  in  (4.18)  is  exp(— 8irf3nTc).  Hence, 


^ mn 


4  +  {•  cos[u4(2»  -  1)TC] exp(-87r/3?rrc),  M  =  2 

1  M  ^  9 


(4.19) 
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Apparently,  all  conditions  of  the  theorem  are  satisfied  for  M  >  2.  But,  for  M  —  2,  the  sequence  is 

N 

not  second-order  stationary.  The  variance  of  the  term  ~^=  ^  cos(Xrnn)  is 


n—  1 


2  _  J  H  27vsh=i  cos[w(„(2n  -  1)TC]  exp(-87r/?nTc),  M  =  2 


M  >  2 


(4.20) 


It  is  easy  to  show  that 


1  r1 

lim  — S^=1  cos[u;(n(2n  -  1)TC]  exp(-8x/37zrc)  =  /  cos('2u'mT)  exp(—8irpTt)dt 
N—*cx>  N  Jq 

which  is  easy  to  compute.  Therefore,  as  N  —  oo,  (4.20)  converges  to 


2  T  ~  [( bm  sin( bm )  cl  cos(  bm^  exp(  ci )  T  n] ,  fvl  2 

i  “  M  >  2 


(4.21) 


where  a  =  87T/3T  and  =  2u'mT.  This  limit  is  positive  (non  zero)  for  almost  all  values  of  oj'm. 
Despite  the  fact  that,  for  M  =  2,  the  condition  of  stationarity  required  by  the  theorem  is  not 
satisfied,  we  have  shown  that,  for  almost  any  given  u'm,  the  sequence  E!!=i  amn)  converges 
to  a  positive  limit.  This  also  satisfies  the  condition  J2n=i  amn  ~~  °°i  as  N  ~  00  >  stated  in  the 

theorem.  We  may  thus  proceed  under  the  assumption  that  the  CLT  holds.  Then,  for  large  N,  the 
N 

term  ^3  cos(Xmn)  in  (4.17)  can  be  replaced  by  ,  where  (m  is  a  Gaussian  random  variable 

n=  1 

of  zero  mean  and  variance  Conditioned  on  and  u'm,  (4.17)  becomes 

$/(«)= n 

m 


Eb^n\ 


E 


eiu yrs,ncG 


L)Cn 


(4.22) 


The  inner  expectation  in  (4.22)  is  the  characteristic  function  of  a  Gaussian  random  variable.  There¬ 
fore, 


*/(«) = n 

m 


E 


^smc( 


(4.23) 


where  the  expectation  is  with  respect  to  6gm)  and  u'm.  For  BPSK,  6gTO^e{— 1, 1}  and  consequently, 
we  obtain 


$/(«) 


n 


exp 


2 


(4.24) 
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The  derivation  for  the  asynchronous  counterpart  of  (4.24)  requires  more  work,  although  the  same 
argument  applies.  The  final  result,  which  is  mostly  obtained  in  [3]  for  the  random-carrier  case,  is 


where 


*,(«> = n 

m 


N 


N 


E 


$(u;  m,  n) 


<&(»;  m,  n)  —  ET>  Ew> 


(4.25) 


(4.26) 


a 


2 

m 


<*l  =  [(«m)2  +  («m)2]CTm  (4-27) 

'  b  +  2(7TCT  ii^m  sin(6m(l  -  f)-<4)  -  acos(6m(l  -  ft)  -  u>'mr (J)  exp(-a) 

-  +acos(ftbm  +  u'jnT^n)  +  bmsm(ftbm+Lj'mT!m)}  M  =  2 

.  \  M  >  2 

(4.28) 


2. Assumption  of  Uniform  Phase  Signature  Sequence 

For  the  case  in  which  the  signature  sequence  phases  are  uniformly  distributed  in  a  set  of  equally 
spaced  discrete  levels,  if  the  number  of  levels  in  the  set  is  reasonably  large,  this  discrete  uniform 
distribution  is  approximated  with  a  continuous  uniform  phase  in  [0, 2x]  .  Let  us  express  the 
characteristic  function  of  the  interference  I  as 


*/(«)  =  £*-  (4.29) 

where  Im  is  given  by  (4.3)  for  the  synchronous  case.  E—  is  the  expectation  with  respect  to  the 
N(I{  -  1)  dimensional  vector  in  {Xmn}  .  E-^  is  the  expectation  with  respect  to  the  K  -  1 

dimensional  vector  in  Finally,  is  the  expectation  with  respect  to  the  I(  -  1  dimensional 

vector  u'  =  .,u>'K).  Since  {d>TO„}  in  (4.4)  are  i.i.d.  and  uniformly  distributed  in  [0,  27r]  for 

all  m  and  n  ,  {Xmn}  are  also  i.i.d.  and  uniform  in  [0,2?r],  for  all  m  and  n,  as  shown  in  Lemma  2. 
Therefore, 


N 


*/(«) = n  \  n 

m  k. 

We  use  the  identity 


.  n—  1 


ijrb om)‘sin  c(  ^m2Tc'  )  cos (Xmn) 


(4.30) 


0iu  cos(.Ymn) 


2  r*/- 

=  —  /  cos  (  u  cos  x)  dx  —  Jq(u) 

X  Jo 


■  dx  = 


(4.31) 
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where  J0(-)  is  the  Bessel  function  of  the  first  kind.  By  using  (4.31),  the  inner  expectation  in 
(4.30)  becomes  J0  •  jj  -  sine  which  is  independent  of  n.  Also,  by  using  the  fact 

that  Jo(a)  =  Jq(—  a),  we  obtain  that 


-E,  (m) 
°0 


r  N 

n 

„  n—  1 


Ei 


[•] 


Finally, 


^/(«) = n 


Jo  (  — sine 


X 


1  N' 


where  the  overline  is  the  expectation  with  respect  to  the  u'm. 
Similarly,  the  asynchronous  counterpart  of  (4.33)  is  [3] 


(4.32) 


(4.33) 


$/(«) = n 

m 


z 


■sine 


sme 


U'm  ( Z  -  T'm) 

2 


1\ 


(4.34) 


where  the  expectation  in  (4.34)  is  with  respect  to  u'm  and  r'm. 

5.  Conclusion 

In  Fig.  4,  the  single  user  BER  which  is  a  decreasing  function  of  SNR  is  illustrated.  The 
considerable  degradation  of  performance  due  to  phase  noise  is  clear.  Fig.  5  depicts  only  the 
multiuser  portion  of  BER  ( Pem )  for  WDMA,  where  the  case  of  Ii  —  101  users  of  rate  10  Mbps 
is  considered.  The  synchronous  and  asynchronous  systems  differ  slightly.  This  and  the  results  in 
[3]  assert  that  synchronization  does  not  provide  any  substantial  enhancement  in  performance  and 
the  deterioration  of  Pem  due  to  phase  noise  is  negligible.  Fig.  6  compares  the  two  methods  in 
obtaining  hybrid  performance.  The  results  are  very  close,  which  indicates  the  validity  of  the  CLT 
in  the  first  method.  Also,  notice  that,  for  M  >  2  and  M  =  2,  the  results  are  almost  identical. 
Fig.  7  compares  WDMA  and  hybrid  WDMA/CDMA  for  K  =  2001  users  of  rate  10  Mbps.  At 
a  higher  SNR,  which  is  the  region  of  practical  interest,  the  hybrid  scheme  performs  considerably 
better.  Finally,  Fig.  8  compares  these  two  schemes  in  terms  of  the  total  BER  for  K  =  2001  users. 
At  a  lower  SNR,  the  single  user  portion  of  error  is  dominating  and  thus  both  schemes  are  the 
same;  however,  at  a  higher  SNR,  the  superiority  of  the  hybrid  scheme  is  apparent.  This  result,  in 
addition  to  the  protection  mechanism  of  the  CDMA  in  case  of  frequency  overlaps,  establishes  the 
hybrid  WDMA/CDMA  as  a  viable  alternative  to  pure  WDMA. 
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Fig.  1  Allocation  of  carrier  frequencies  on  the  optical  band 


ak® 

Fig. 2  Coherent  detection  of  the  optical  signal  S(t) 


Fig. 3  Detection  of  the  electrical  signal  r(t) 


Eb/NO(dB) 

Performance  of  the  single  user  system  (BPSK) 


Synchronous  /3T= 


Fig.  5.  Synchronous  and  Asynchronous  WDMA 
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Fig.  6.  Comparison  of  two  methods  in  hybrid  WDMA/CDMA  (synchronous) 
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Fig.  7.  Comparison  of  WDMA  and  hybrid  WDMA/CDMA  (synchronous) 
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Fig.  8.  Comparison  of  WDMA  and  hybrid  WDMA/CDMA  (synchronous) 


